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DOPED SEMICONDUCTOR POWDER AND PREPARATION THEREOF 
O CROSS -REFERENCE TO RELATED APPLICATIONS 

This application claims benefit of \J*S. Provisional 
5 Patent application Serial No, 60/441,413, filed January 22, 
2003, entitled PREPARATION OF TYPE IV SEMICONDUCTOR 
NANOCRYSTALS DOPED WITH RARE -EARTH IONS AND PRODUCT THEREOF", 
the contents of which are hereby incorporated by reference . 

FIELD OF THE INVENTION 

10 The present invention relates to a doped group IV 

semiconductor powder, to the preparation thereof, and to a 
material incorporating the group IV semiconductor powder. 

BACKGROUND OF THE INVENTION 

Silicon has been a dominant semiconductor material in 
15 the electronics industry, but it does have a disadvantage in 
that it has poor optical activity due to an indirect band gap. 
This poor optical activity has all but excluded silicon from 
the field of optoelectronics. In the past two decades there 
have been highly motivated attempts to develop a silicon-based 
2 0 light source that would allow one to combined an integrated 
digital information processing and an optical communications 
capability into a single silicon-based integrated structure. 
For a silicon-based light source (Silicon Light Emitting Diode 
(LED)) to be of any practical use, it should (1) emit at a 
2 5 technologically important wavelength, (2) achieve its 

functionality under practical conditions (e.g. temperature and 
pump power) , and (3) offer competitive advantage over existing 
technologies . 
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approaches to developing such Si nanocrystals have only been 
successful at producing concentrations of up to 0.3 atomic 
percent of Che rare earth element, which is not: sufficient for 
practical applications. 
5 in general, manufacture of type IV semiconductor 

nanocrystals doped with a rare earth element is done by ion 
implantation of silicon ions into a silicon oxide layer, 
followed by high temperature annealing to grow the silicon 
nanocrystals and to reduce the ion implantation damage. The 
10 implantation of Si ions is followed by an ion implantation of 
the rare earth ions into the annealed silicon nanocrystal oxide 
layer. The resulting layer is again annealed to reduce the ion 
implant damage and to optically activate the rare-earth ion. 

There are several problems with this method: i) it 
results in a decreased layer surface uniformity due to the ion 
implantation; ii) it requires an expensive ion implantation 
step; iii) it fails to achieve a uniform distribution of group 
IV semiconductor nanocrystals and rare-earth ion* unless many 
implantation steps are carried out; and iv) it requires a 
balance between reducing the ion implant damage by thermal 
annealing while trying to maximise the optically active rare- 
earth. 

To diminish the above drawbacks, Plasma Enhanced 
Chemical Vapor Deposition (PECVD) has been utilised to make 

25 type IV semiconductor nanocrystal layers. The prepared layers 
are then subjected to a rare-earth ion implantation step and a 
subsequent annealing cycle to form the IV semiconductor 
nanocrystals, and to optically activate the rare-earth ions 
that are doped in the nanocrystal region. Unfortunately, the 

30 layers prepared with this method are still subjected to an 
implantation step, which results in a decrease in surface 
uniformity. 
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Another PECVD method that has been used to obtain a 
doped type IV semiconductor crystal layer consists of co- 
sputtering together both the group IV semiconductor and rare- 
earth metal. In this method, the group IV semiconductor and a 
5 rare -earth metal are placed into a vacuum chamber and exposed 
to an Argon ion beam. The argon ion beam sputters off the 
group IV semiconductor and the rare-earth metal, both of which 
are deposited onto a silicon wafer. The film formed on the 
silicon wafer is then annealed to grow the nanocrystals and to 
10 optically activate the rare-earth ions. As the rare earth 
metal is in solid form, the argon ion beam (plasma) is only 
able to slowly erode the rare earth, which leads to a low 
concentration of rare earth metal in the deposited film. While 
higher plasma intensity could be used to more quickly erode the 
15 rare earth metal and increase the rare earth concentration in 
the film, a higher intensity plasma damages the film or the 
group IV semiconductor before it is deposited. The plasma 
intensity is therefore kept low to preserve the integrity of 
the film, therefore limiting the rare earth concentration in 
20 the film. The doped group IV semiconductor nanocrystal layers 
made through this method have the drawbacks that: i) the layer 
does not have a very uniform distribution of nanocrystal s and 
rare -earth ions, ii) the layer suffers from upconversion 
efficiency losses due to rare-earth clustering in the film, and 
25 iii) the concentration of rare earth metal in the Layer is 
limited by the plasma intensity, which is kept low to avoid 
damaging the layer. 

The concentration of the rare earth element in 
semiconductor nanocrystal layers is preferably as high as 
30 possible, as the level of photoelectric qualities of the film, 
such as photoluminescence, is proportional to the 
concentration. One problem encountered when a high 
concentration of rare earth element is present within the 
semiconductor layer is that when two rare earth metals come 
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into close proximity with one another, a quenching relaxation 
interaction occurs that reduces the level of photoelectric 
dopant response observed. The concentration of rare earth 
element within a semiconductor film is thus balanced to be as 
high as possible to offer the most fluorescence, but low enough 
to limit the quenching interactions. 

SUMMARY OF THE INVENTION 

in one aspect, the present invention provides a doped 
semiconductor powder comprising nanocrystals of a group IV 
semiconductor and a rare earth element, the rare earth element 
being dispersed on the surface of che group IV semiconductor 
nanocrystals . 

in another aspect, the present invention provides a 
process for preparing a doped semiconductor powder as described 
15 above, the process comprising: 

(a) heating a gaseous mixture comprising a gaseous 
group IV semiconductor precursor and a gaseous 
rare earth element complex at a temperature 
suitable for forming group IV semiconductor 
nanocrystals, 

(b ) cooling the gaseous mixture to obtain the doped 
semiconductor powder. 

in another aspect, the present invention provides 
process for preparing a doped semiconductor powder as described 
25 above, the process comprising: 

(a) mixing an undoped group IV semiconductor 

nanocrystal powder, a rare earth element complex 
and a solvent , the solvent being a good solvent 
for the rare earth element complex and a poor 
30 a0l vcnc for the undoped group IV semiconductor 
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w features and advantages 

The above and other objects, features 

«. invention will become apparent from the 
of the present I tak en in conjunction with the 

following description when taken 3 ed eirbodi ment of 

accompanying figure which illustrates a preferred 
15 the present invention by way of example. 

DESCRIPTION OF THE FIGURES 

sediments of the invention will be discussed with 
reference to figure 1: 

« r. 1 displays a schematic of a gas pyrolysis apparatus 
Figure 1 displays a , IV semiconductor powder 

20 suitable for the production of a group IV 
doped with a rare earth element. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The present invention teaches the simple 

« , nna of a doped semiconductor powder, which 
manufacturing o£ a aope croup IV 

25 semiconductor powder comprises nanocrystais of gro p 
semiconductor and a rare earth element. 

The doped semiconductor powder comprises as a major 
of a group IV semiconductor. The group 
-P— — rvstals of a group 
IV semiconductor can be selected, e.g., 
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germanium, tin or lead, of which silicon and germanium are 
preferred. Combinations of these semiconductors can also be 
used, as well as multi -element semiconductors that comprise the 
above semiconductors- Preferably, the nanocrystals have an 
5 average diameter of from 0.5 to 10 nm, for example of about 3 
nm. 

The rare earth element that is dispersed on the 
surface of the semiconductor nanocrystals is preferably 
selected from cerium, praseodymium, neodymium, promethium, 

10 gadolinium, erbium, thulium, ytterbium, samarium, dysprosium, 
terbium, europium, holmium, lutetium, and thorium, of which 
erbium, thulium and europium are most preferred. The rare 
earth element is preferably in the form of a complex comprising 
a rare earth and one or more ligands. The nature of the one or 

15 more ligands is dictated by the process used to prepare the 

doped semiconductor powder. The doped semiconductor powders of 
the invention can also comprise more than a single rare earth 
element . 

Since the rare earth element is dispersed on the 
20 surface of the group IV semiconductor nanocrystal, reduced 

photoactivity due to aggregation of the rare earth element is 
reduced. The concentration of the rare earth element in the 
doped semiconductor powder is preferably from 0.5 to 10 atomic 
percent, more preferably from 0.5 to 5 atomic percent, and most 
25 preferably from 0.5 to 2 atomic percent. The atomic percent 
values are calculated on the basis of the number of rare earth 
atoms relative the total number of atoms in the doped 
semiconductor powder. 

Gas Pyrolysls 



3 0 A gas pyrolysis process can be utilised to prepare 

the doped semiconductor powder of the invention. In this 
process, a group IV semiconductor precursor ana a rare earth 
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element complex are mixed in the gaseous phase, and the mixture 
is first heated, and then cooled to obtain the desired product. 
The gas pyrolysis reaction consists of the thermal treatment of 
a gaseous group IV element, in the presence of a gaseous rare 
5 earth element, to such a temperature that the gaseous group IV 
element forms a nanocrystal. When the formed nanocrystal is 
cooled down in the presence of a rare earth element, the rare 
earth element goes form the gaseous state to the: solid state 
and it deposits itself on the surface of the nanoci-ystal . 

Gas pyrolysis can be carried out, for example, in a 
gas pyrolysis apparatus, a schematic of which is provided in 
figure 1. In the apparatus shown in figure 1, a carrier gas, a 
gaseous group IV semiconductor precursor and a gaseous rare 
earth element complex are introduced via entry ports 10, 12 and 
14. The carrier gas is preferably an inert gas, such as argon. 

As the group IV semiconductor is in the gaseous phase 
during reaction, a group IV semiconductor precursor is used. 
The group IV semiconductor precursor is chosen so that the 
precursor is volatile at room temperature, or so that it can be 
volatilized at a fairly low temperature, e.g., from 80 to 
120°C. Preferably, the group IV semiconductor precursor is 
selected so that the by-products obtained after nanocrystal 
formation are themselves volatile compounds that will be 
removed with the gas flow. The group IV semiconductor is 
preferably selected from silicon, germanium, tin or lead, of 
which silicon and germanium are preferred. The precursor is 
preferably a hydride of the above elements. A particularly 
preferred group IV semiconductor precursor is silane (SiH 4 ) . 

Similarly, as the rare earth element is in the 
3 0 gaseous phase during reaction, a rare earth element complex 

that is volatile or that can be volatilized is used. The rare 
earth element complex comprises one or more ligands, which 
ligands can be neutral, monovalent, divalent or trivalent. 
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Preferably, Che ligand is selected so that when it is 
coordinated with the rare earth element, it provides a compound 
that is volatile, i.e. that enters the gaseous phase at a 
fairly low temperature, and without changing the chemical 
5 nature of the compound. Suitable ligands for the rare earth 
element complex include acetate functions, for example 2,2,6,6- 
tetrarnethyl - 3 , 5 -heptanedione , acetylacetonate , f lurolacetonate , 
6,6,7,7,8,8,8 -heptaf luoro- 2 , 2 -dimethyl - 3 , 5 -oct anedi one , i - 
propylcyclopentadienyl , cyclopentadienyl , and n- 
10 butyl eye lopentadi enyl . Preferred rare earth element complex 
include tris (2 , 2 , 6 , 6- tetramethyl-3 , 5-heptanedionato) 
erbium(HI), erbium (III) acetylacetonate hydrate, erbium (III) 
f lurolacetonate , tris (6,6,7,7,8,8,8 -heptaf luoro- 2 , 2 -dimethyl - 
3 , 5-octanedionate) erbium (III), tris(i- 
15 propylcyclopentadienyl) erbium (III), 

Tris (cyclopentadienyl) erbium (III), and tris (n- 
butylcyclopentadienyl) erbium (III). A particularly preferred 
rare earth element complex is tris (2 , 2 , 6, 6-tetramethyl-3 , 5- 
heptanedionato) erbium(III) , which is also referred to as 
2 0 Er* 3 (THMD) 3 . 

When the rare earth element complex or the group IV 
semiconductor precursor are not volatile at room temperature, 
use can be made of a temperature-controlled oven 16 to bring 
the precursor or complex into the gaseous phase. The 

25 temperature controlled oven, which can be kept. E.g., between 
110°C and 120°C, controls the concentration of rare earth metal 
that is present in the gaseous phase. The temperature control 
oven can be fitted with a carrier gas inlet 26 to transfer the 
gaseous rare earth element complex to the furnace through the 

30 mass-flow controllers 18. 

The ratio of the carrier gas, the group IV 
semiconductor precursor and the rare earth element complex is 

controlled by mats a - f low controllers 18, which cont ml the 
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introduction of each gaseous component in the apparatus. The 
flow of the combined three mass- flow controllers is controlled 
to obtain a flow through the furnace than is preferably between 
20 and 30 standard cubic centimetres per minute. The flow 
5 through the apparatus can be assisted with a mechanical vacuum 
pump 24 at the end of the gas pyrolysis apparatus. 

Once introduced in the apparatus, the gaseous 
components flow into a short , temperature controlled furnace 20 
(also referred to as a flow-through furnace) . The flow-through 
furnace 2 0 is preferably a small tubular furnace having a 
length between 3cm and 9cm, the furnace being temperature 
controlled to be at a temperature where the gaseous group IV 
semiconductor precursor reacts to form nanocrystals . 
Temperatures of from 600°C to 1000°C have been found to be 
suitable for carrying out this reaction, although specific 
temperatures, which may be within or outside of this range, can 
be determined by non- inventive experimentation. Heating of the 
furnace can be carried out by any suitable method, such as 
electric heating or microwave heating. The tubular furnace can 
have an inside diameter that ranges, for example, from 6 to 
2 0mm, with an inside diameter of 12 mm being preferred. 
Selection of the length of the furnace, its inside diameter and 
the furnace temperature can be used to control the size of the 
nanocrystals obtained, as these parameters control the 
thermodynamics of the system. The parameters can be monitored 
so as to permit computer control of the gas pyrolysis process. 

As the group IV semiconductor precursor and the rare 
earth element complex are heated in the furnace, the group IV 
semiconductor precursor forms semiconductor nanocrystals, and 
30 the rare earth element complex deposits on the surface of the 
nanocrystals when the gaseous stream is cooled. The deposited 
rare earth element complex is preferably not part of the 
nanocirysucil laiLicc Jjul is deposited principally on tne surracQ 
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of che nanocrystals. The organic components are preferably 
transformed into gaseous by-products that are removed along 
with the carrier gas. 

The gaseous stream containing the doped semiconductor 
5 nanocrystals can be allowed to cool within a cooling zone (not 
shown) . The cooling zone can be from 10 cm to a few meters, 
and active cooling methods, such as mechanical refrigeration, 
an acetone/dry ice environment or a liquid nitrogen environment 
can be utilised. 

10 The prepared doped semiconductor nanocrystals are 

then recovered from the carrier gas, for example by passing the 
carrier gas through one or more bubblers 22 that contain a 
solvent, such as ethylene glycol, in which the doped 
semiconductor nanocrystals display some solubility. The 

15 solvent can then removed from the bubblers and is vacuum dried 
to recover the doped type IV semiconductor nanocrystals. 

Solution saturation 

A second method for preparing the doped semiconductor 
powder of the invention uses solution oversaturation of the 

20 rare earth element to deposit the rare earth element onto the 
nanocrystal surface. In this method, a solution comprising an 
undoped group IV semiconductor nanocrystal powder, a rare earth 
element complex and a solvent which is a good solvent for the 
rare earth element complex and a poor solvent for the undoped 

25 group IV semiconductor nanocrystal powder is heated to dissolve 
the rare earth element complex. Upon cooling of the solution, 
the solution becomes oversaturated with the rare earth element 
complex and the complex precipitates from solution to be 
deposited on the surface of the group IV semiconductor 

30 nanocrystals. 
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By "good solvent" is meant a solvent in which the 
rare earth complex is poorly soluble at low temperature, e.g. 
room temperature, but in which the rare earth complex is well 
dissolved at higher temperature. By "poor" solvent is meant a 
5 solvent in which the undoped group IV semiconductor nanocrystal 
powder displays little or no solubility, at both low and high 
temperatures. Examples of suitable solvent include ethanol , 
ethylene glycol, toluene, and benzene. 

The first step of this process requires the 
10 preparation of an undoped group IV semiconductor nanocrystal 
powder, which preparation can be effected, for example, by (A) 
solution chemistry or (B) gas pyrolysis. 

(A) Solution chemistry: 

*> 

In the solution chemistry process, two complementary 
semiconductor complexes are combined to form the semiconductor 
nanocrystal and a salt, which nanocrystal and salt are 
subsequently separated. The undoped semiconductor nanocrystals 
are prepared by mixing a group IV semiconductor salt, such as a 
magnesium, sodium or iodine salt of silicon or germanium, with 
a halogenated group IV semiconductor compound such as silicon 
or germanium tetrachloride. The mixture is solubilised in a 
suitable solvent, for example ethylene glycol or hexane, and 
the mixture is refluxed. Filtration or centrifugation can be 
used to remove any insoluble salts formed, and che 
semiconductor nanocrystals are formed upon cooling of the 
solution. 

The process for preparing the undoped semiconductor 
nanocrystal is preferably carried out in an inert atmosphere, 
and the reaction vessel used must be inert to the presence of 
30 silicon, such as a Teflon vessel, or a silonated glass vessel. 
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The gas pyrolysis process used to prepare che undoped 
group IV semiconductor nanocrystal powder is similar to the gas 
pyrolysis process described above for preparing doped 
semiconductor powders, but where the gaseous rare earth element 
5 complex is omitted. 

Preparation of the doped type IV semiconductor 
nanocrystals is achieved by mixing undoped nanocrystals and a 
rare earth complex in a solvent which is a good solvent for the 
rare complex and a poor solvent for the type IV semiconductor 

10 nanocrystals, for example ethanol . Suitable rare earth 

complexes include, for example, erbium acetate hydrate and 
erbium (III) acetylacetonate hydrate. The heterogeneous 
mixture can be refluxed, for example, for about 90 to about 180 
minutes, after which time the solution is cooled to obtain the 

15 doped nanocrystals. As the solution cools, the rare earth 

element complex precipitates out of solution and it: deposits on 
the surface of the nanocrystals in the solution. The rare 
earth element that is deposited on the surface of the 
nanocrystal is in the form of a rare earth element complex. 

20 Materials comprising doped semiconductor powders 

An important advantage of the doped semiconductor 
powder over the doped layers traditionally prepared is that the 
doped semiconductor powder above can be incorporated into a 
variety of different hosts, and that these hostr, can represent 
25 a liquid or a solid phase. The host or matrix is preferably 

chosen so that it does not interfere with the photoluminescence 
of the doped nanocrystals. 

Examples of a suitable host or support matrix for the 
doped semiconductor powders of the invention include, for 
30 example, polymers, silica sol-gels, and spin-on -glass (SOG) . 
Spin-on-glass can be comprised, for example, of a mixture of 
silicates that are dissolved in alcohol. Examples or suitable 
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polymers include, for example, poly (2-methoxy-5- (2 -ethyl - 
hexyloxy) -1 , 4-phenylene-vinylene) (PPV) , polymethylmethacrylate 
(PMMA) , and polyphenylene ether (PTE) . When the host or 
support matrix is in a liquid or semi-liquid state, the doped 
5 semiconductor powder can be formed into specific shapes or 
patterns. These specific shapes can include layers that are 
prepared by spin-coating a liquid solution comprising the doped 
semiconductor powder. Patterns can also be prepared by 
combining a liquid polymer comprising the doped semiconductor 
10 powder with printing technology such as ink jet technology. 

Another advantage of the doped semiconductor powder 
over the doped layers rests in the fact that they can be used 
to prepare thicker layers. It also allows the combination of 
different nanocrystal types to form hybrid systems, such as 
15 Si nc +PbS or Si nc +CdS. 

The materials comprising doped semiconductor powders 
of the invention also have the advantage that the components of 
the materials, such as the host or support matrix, and any 
additional components such as a base substrate, are not 

20 required to be resistant to high temperatures. In traditional 
doped layer processes, the nanocrystals are formed by the high 
temperature annealing of amorphous silicon clusters, which 
requires that the other components present during annealing, 
such as the substrates, be temperature resistant.. Components 

2 5 that are not temperature resistant can be used with the doped 
semiconductor powders of the invention, as the nanocrystals are 
formed prior to being incorporated in the materials. 

However, when the components used to prepare the 
materials comprising semiconductor nanocrystal powders are 
30 temperature resistant, the materials can be subsequently 

annealed. This can prove beneficial for the preparation, for 
example, of semiconductor layers comprising semiconductor 
nanocrystals and a rare earth element. For example, a doped 



Jan-22-2004 17:08 From-S*B/F&Co +613 T-688 P. 023/032 F-386 

15 

semiconductor powder of the invention can be incorporated into 
a silica sol-gel, which silica sol-gel is then formed into a 
layer. Annealing the sol-gel/nanocrystal powder mixture leads 
to the removal of the organic components of the mixture, 
leaving a silicon oxide layer in which the doped semiconductor 
nanocrystal powder is dispersed. Annealing can be carried out, 
for example, in a Rapid Thermal Anneal (RTA) furnace at from 
about 6 00 °C to about 100 0°C. The annealing process,* can be 
carried out under an oxygen atmosphere to insure the removal of 
the organic components, and to promote the oxidation of the 
rare earth element. The annealing step can also bet carried out 
under a reduced pressure in order to facilitate the removal of 
any volatile organic by-products that might be produced. 

Examples of devices that can be prepared with the 
15 materials comprising doped semiconductor powders include, for 
example, optical amplifiers, lasers, optical displays, optical 
planar circuits, and organic light emitting diodes (OLED) . 

The following examples are offered by way of 
20 illustration and not by way of limitation. 

EXAMPLES 
Example 1 

A gas pyrolysis apparatus was fitted wit la a small 
tubular furnace having a length of 3 cm and an interior 
diameter of 12 mm. While the furnace temperature was held 
between 900 and 950°C, an argon carrier gas, siiane (SiH 4 ) , and 
Er* 3 (THMD) 3 were introduced to the furnace by way of precision 
mass-flow controllers. The Er^ 3 (THMD) 3 was transferred to the 
gaseous phase through the use of a temperature controlled oven. 
The flow through the apparatus was assisted by a mechanical 
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vacuum pump at the end of the apparatus. Once through the 
furnace, the gaseous scream was allowed to pass through a 
cooling zone and then to pass through a two- stage bubbler of 
ethylene glycol. The ethylene glycol solution was removed from 
5 the bubbler and it was vacuum dried to recover Er doped Si 
nanocrystals having an average diameter of about 3 nm. 

Example 2 

A doped semiconductor powder was prepared through a 
saturated solution process. The process was carried out in an 
10 inert atmosphere glove box, and the glassware used was first 
silonated by washing for one hour in a 2% toluene solution of 
(CH 3 ) 2 SiCl 2 , followed by repeated washes with hexane and 
methanol . 

400mg of magnesium silicide (MgSi) was added to 100ml 
15 of dried ethylene glycol, stirred and refluxed for 12 hours in 
a glove box. 3ml of SiCl 4 was added, and the mixture was again 
refluxed for another 12 hours. After this time, che mixture 
was filtered, cooled and dried under vacuum. 100ml of ethanol 
was added to the dried Si nanocrystals, and 23 0 mg of 
20 dehydratated erbium acetate was added to the solution while 
stirring, followed by a 3 hour reflux. Upon cooling, the Er 
doped Si nanocrystals were obtained. 



Numerous modifications and variations of the present 
25 invention are possible in light of the above teachings. It is 
therefore to be understood that within the scope of the 
appended claims, the invention may be practised otherwise than 
as specifically described herein. 

All publications, patents and patent applications 
30 cited in this specification are herein incorporated by 

reference as if each Individual publication, patent or patent 
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application were specifically and individually indicated co be 
incorporated by reference. The citation of any .publication is 
for its disclosure prior to the filing date and should not be 
construed as an admission that the present invention z.m not 
5 entitled to antedate such publication by virtue of prior 
invention. 

Although the foregoing invention has been described 
in some detail by way of illustration and example for purposes 
10 of clarity of understanding, it is readily apparent to those of 
ordinary skill in the art in light of the teachings of this 
invention that certain changes and modifications may be made 
thereto without departing from the spirit or scope of the 
appended claims. 

It must be noted that as used in this specification 
and the appended claims, the singular forms "a", "an", and 
"the" include plural reference unless the context clearly 
dictates otherwise. Unles 3 defined otherwise all technical and 
scientific terms used herein have the same meaning as commonly 
20 understood to one of ordinary skill in the art to which this 
invention belongs. 
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